Abstract-In this paper we propose the mode selection strategy of a multi-mode single-stage single-phase inverter and the associated mode selection scheme for double-line-frequency power pulsation decoupling between the input an the output port for PV (photovoltaic) panel applications.
I. INTRODUCTION
In this paper we use the Differential Power metric [1] , [2] to quantify the power processed by the reactive components. By applying at any time the mode which minimizes this metric, inductor and semiconductors usage is optimized and results in improved system efficiency and higher energy density.
It is possible to determine the best mode to be applied in each instant of the line-cycle computing the Differential Power for each possible modulation. The scheme used in this work overcomes the challenge of real-time differential power computation for every mode and optimum mode selection with a simple approach.
Using this approach, a flying capacitor multi-level (FCML) inverter is operated in multiple modes. By changing the shape of the inductor current, the same current is used to perform two functions simultaneously: energy transfer and energy storage.
The mode selection scheme for this topology is proposed, and the global behavior of the multi-mode converter is illustrated along the line-cycle with simulations and validated with experimental results.
II. MULTI-MODE CONVERTERS
Some power topologies can be operated with several modulation modes achieving the same voltage and current at their ports with different power processing [3] - [7] . This has special interest in high power density converters.
A. Example-Google Little Box Challenge (LBC)
The general problem can be considered in terms of a threeport converter.
For the LBC single-phase inverter [8] , the input port is a 400V DC PV source, the output port is the 240V rms AC load. While the context of this example is PV DC source and AC load, other application cases with AC or DC ports are equivalent. Other examples are AC/DC converters with Power Factor correction.
Converters with a low input current ripple DC port and a single-phase AC port must store energy to buffer the inherent instantaneous power mismatch between the input an the output port with a double-frequency power storage port. The FCML inverter is operated in such a way that the two reactive components are involved in the power balance. A capacitor acting in line-cycle whose minimum volume is determined by the required energy storage and the discharge ratio and an inductor, as a high frequency storage element which will distribute the power among the input, output and storage capacitor. The inductor volume and losses depend on the average power processed by the inductor along the line cycle that is, the differential power processed by the inductor. The lower the P dif f the lower the inductor volume.
The case of the switched converter under consideration, schematically presented in Fig.1 , is based on the flying capacitor converter [9] , with the distinctive feature that in this case, the flying capacitor is also used as the energy buffer component to handle the double-line-frequency power ripple. The bus voltage on the flying capacitor is regulated at 0.8V g . In this topology, the charge balance in storage capacitor (C s ) is not done at switching frequency but at line frequency. As is not needed to assure charge balance during a switching cycle, multiple modulations are used to control both output voltage, and input current. Using different modulation sequences along the line cycle makes the control more complex since the converter has a different plant for each modulation. A control scheme based on the plant inversion technique is used to control the converter. A control based on the plant inversion technique [10] has been used to be able to design very simple linear controllers that can be used in the modulations, which At any instant along the line cycle, several modulations may obtain the same voltages and currents at the ports, but yielding very different losses due to different inductor and semiconductor usage.
Namely, there are up to 19 different switching modes, which can be classified depending on the inductor current waveform generated, in two types: trapezoidal modes Fig.2a and triangular modes Fig.2b .
While the inductor current will be the orange line, the input current and the storage capacitor current could be a combination of I 1 ,I 2 , I 3 and for the triangular modes, also I 4 . For this reason, with a trapezoidal mode the output current will always be higher than the input current, but with a triangular mode the input can be higher or lower than the output current.
In order to select the most appropriate mode at any instant, a decision criterion is needed. In this paper, Differential Power (P dif f ) is used as a metric to choose it [2] . The selected mode is the one with the lowest Differential Power among the modes that can be applied in each particular instant along the line-cycle. Since not all modes can operate throughout the whole line cycle, it is necessary to determine their regions of existence. As an example, comparing mode VI and mode IV, shown in Fig.3 , considering positive storage capacitor current the one that discharges the capacitor, mode VI only charges the storage capacitor and mode IV only discharges it.
III. DIFFERENTIAL POWER ANALYSIS AND MODE SELECTION

A. Definition of the metric
In a converter, the part of the output power which is directly transferred, and not processed by the reactive component, can be referred to as Direct Power (P dir ). The part of the output power which is processed by the reactive component can be referred to as "indirect power" or "internal power", being its minimum posible value the Differential Power (P dif f ) [2] .
In the buck-boost family of converters, all the energy delivered to the load is previously stored in a magnetic component (inductor or flyback transformer). However, in most power converters (buck and boost families) there is a time interval in the switching period, in which the current is flowing directly from source to load. This current besides transferring energy directly from input to output, also stores energy in the inductor.
Applied to an inductor, Differential Power (P dif f ) is defined as the average power stored or delivered by the inductor.
P dif f in a buck converter inductor is: The converter operates in BCM (boundary conduction mode), and because of that, the averaged current through the inductor and the input current for every specific pattern k, will depend on the two independent times, t 1 and t 2 , the state x v s , v o and the input voltage, algebraically according to:
In principle, for a given reference input current and reference output current, it will be possible to determine if for the sequence k there exists a solution, and, in that case, to determine t 1 and t 2 that will provide the desired values for the input and output current.
For every instant of the line-cycle (x axis), there are several modes available (each colour) which achieve exactly the same objective, but with great variation of the internal power P dif f (sometimes a factor of 3 as in ωt π
0.1).
Selecting the mode with the lowest P dif f in every instant, the plot gives the sequence in which the converter operates processing the minimum envelope of P dif f , thus minimizing the fraction of output power processed internally.
For this converter modulation, the average P dif f results in 0.2 of P o processed. Comparatively, an inverter with an active filter and a discharge ratio of 40% in the storage capacitor would result in P dif f 0.4, which is twice the value of P dif f obtained in this single stage inverter.
In bold line in Fig.5a , the minimum differential power envelope obtained by the optimum mode sequence is shown.
Each Ì marker is a change in the operation mode.
This time domain analysis yields the minimum P dif f power handling mode sequence inside a line-cycle, for a particular resistive load. However, P dif f of each mode and thus the optimum mode sequence varies in real-time, with load-steps, power factor of the load, or due to control restrictions during transients. This depicts the need to develop a Mode Selection strategy valid for real-time implementation in a converter.
IV. IMPLEMENTATION (STATE-PLANE TRAJECTORY ANALYSIS)
Real-time computing of P dif f for all possible operating modes, and selection of the optimum in a microcontroller, is not feasible to implement. It is therefore necessary to implement a real time mode-selection scheme. For the mode IV shown in Fig.3a to be applicable, t 1 and t 2 must be grater than zero and voltage applied to the inductor (slopes) m 1 , m 2 and m 3 needs to satisfy:
The averaged current through the inductor and the input current for this particular mode can be calculated as: 
To reduce the number of variables to represent both the current and the output voltage are normalized with respect to the values of the input port. In this way the normalized output current is:
Substituting (7) and (8) in (9) i on (11) Knowing that for this particular mode
the mode IV boundaries are: 
These boundaries, represented in Fig.6 , are in the form of simple inequations, which are very easily implemented in a microcontroller and suitable for real time evaluation of the modes. Performing the same analysis for all the modes, the conditions of existence of all modes can be obtained, in Table I the boundary conditions for resistive modes are summarized. And plotting the resulting restrictions, the state space is divided in several areas. In areas where more than one mode can be applied, the one with the lowest P dif f is chosen.
This state-space is represented in two normalized axis:
io Ig , the vertical axis where i o is the output current; Fig.7 .
Based on the state-space shown in Fig.7 , a decision tree (Fig.8) is implemented on the microcontroller to select the Table I  EXISTENCE CONDITIONS FOR RESISTIVE the storage capacitor has a large discharge ratio. For this reason, the boundaries are not fixed but depend on the value of the voltage of the storage capacitor, as shown in Fig.10 . It should be noted that to achieve Zero Voltage Switching (ZVS), it is necessary to have a minimum current to discharge the parasitic capacitance of the switching devices, therefore the switching cycle starts not at zero inductor current but a I th or I th depending on the mode applied. In our case, the minimum current to achieve ZVS has been set at 2A.
Using the mode with the minimum differential power it is not always feasible. To limit the minimum switching frequency additional modes should be used. As shown in Fig.11 at the boundary between modes 0 and I the switching frequency reach 0Hz at 0.045π and 0.91π. Around that boundary an additional mode (mode III) is used with a higher switching frequency but also with a higher differential power.
Furthermore, after a load step, the storage capacitor voltage diverts slightly from its operating point.
All of that leads the converter not to follow exactly the theoretical trajectory. As shown in Fig.12 , the effect of nonidealities is more pronounced near the zero crossing.
VI. SIMULATION AND EXPERIMENTAL RESULTS
In order to validate the proposed mode selection strategy, many simulations have been carried out. Not only with electrical simulator such us Gecko Circuit [11] with which Fig.13 was obtained, but also the system behavior was simulated within the FPGA (Fig.14) with the HDL simulator ModelSim [12] , to prove that the algorithm works correctly on the actual system in which it is implemented.
Experimental results shown in Fig.15 validate the concept. The modulation selection scheme is implemented and validated in a low voltage hardware prototype, generating a 24V rms , 60Hz, waveform, from a 40V DC input voltage, that is 10 times lower voltage than the initial specs, and nominal current. A new inverter for nominal voltage is being developed using high dv/dt drivers for high speed GaN devices to scale V g to 400V DC . The waveforms shown in Fig.15 are the mode number in yellow and the output voltage in blue.
The mode applied shown in Fig.15 closely matched that of the simulation at the bottom of Fig.13 . With the difference that in this case the experimental waveform of the applied mode is very symmetric because it is using a higher capacitance in storage capacitor than the specified allowing a much smaller voltage ripple. A larger storage capacitor is used in order to represent more clearly the sequence of modes, although the whole system operates with a 40% discharge ratio of storage capacitor.
VII. CONCLUSION
It is shown that a given power topology can be operated in multiple modes, for the same voltage and current in its three ports. Multiple modulation strategies are used along the line cycle to optimize the overall size and efficiency of the converter. Using the Differential Power as a metric, at any given time along the line cycle, the mode-selection scheme presented applies the available mode which minimizes it in real time.
Based on the time-domain analysis and a derived analytical model of each modulation, the state-space for the converter is obtained and validated in a prototype converter.
